Lymphedema is a progressive, usually unrelenting, and variably painful swelling of the limbs and/or genitalia resulting from lymphatic system insufficiency and disturbed lymphatic transport. In developed countries, malignant neoplasms and their therapies are the most common cause of lymphedema; breast cancer-related lymphedema of the arm is the most prevalent form. Nodal dissections and/or radiation therapy for gynecological, genitourinary, and head/neck malignancies have been implicated in the development of lymphedema. 1 Lymphedema has been treated conservatively or surgically. 2,3 Vascularized Keywords ► lymphedema ► mouse model ► vascularized lymph node transfer
lymph node transfer (VLNT) showed clinical promising results, 4 but its mechanism of action has not yet been firmly clarified. To better understand the lymphedema pathology and therapeutic options, many animal models have been set up. 5 Mice models of limb lymphedema obtained by a combination of surgical lymphatic flow interruption and irradiation can reproduce the human pathology with good approximation. Because of their cost efficiency, mice models are constantly under revision and improvement. 6 One of the major limitations in performing a VLNT hindlimb mouse model is the small size of the vascular pedicle of the lymph node flap, which represents a technical limitation to the achievement of a free vascular anastomosis, in contrast to what has been recently performed on a rat model 7 and what is routinely performed in humans. Until now, to overcome this limitation, VLNT in mice was realized as a pedicle flap harvesting VLNT from inguinal (also called "abdominal") to popliteal in the same paw. [8] [9] [10] [11] We believe that the ipsilateral lymph node transfer can represent a limitation in the performance of a VLNT mouse model for two reasons: (1) in case of a VLNT in a lymphedema paw obtained by irradiation on the limb, reasonably the lymph node to transfer will be damaged, as the irradiation decreases lymphatic reserve by causing depletion of lymphatic vessels and lymphatic endothelial cells as well as promoting soft tissue fibrosis. 12 (2) Given that in mice the inguinal and popliteal lymph nodes both drain lymph from the hind leg, 13 removing the popliteal lymph node and harvesting the ipsilateral inguinal one to transfer it in the popliteal region additionally impairs the lymphatic drainage of the paw, which is not ideal for a VLNT model. For this reason and to preserve the lymphedematous side from any supplementary lymphatic disruption, we used the contralateral paw as donor site in alternative from other studies. Because of the smaller size of the circumflex superficial iliac artery in mice and to get a VLNT animal model that is technically easy to perform, the lymph node flap has been pedicle, in contrast with free microsurgical transfer recently described in rats. 7 In line with the literature, 5 we decided to apply the contralateral VLNT to the acquired and chronic hindlimb mouse model described by Oashi et al in 2012. 14 As vascular endothelial growth factor (VEGF)-C has been shown to improve lymphangiogenesis in experimental studies, 15, 16 we embedded it in gelatin sponges and locally added it to the VLNT to quantify its lymphangiogenic influence. According with the long-lasting lymphedema mice model described by Oashi et al, 14 the lymphedema is expected to decrease in the left hindlimb progressively and spontaneously 20 days after the first surgery. At day 63, the paw circumference increases again until day 87, after that the volume finally decreases to become similar to the preoperative circumference. In consequence, we decided to follow the mice during 90 days after the lymphedema surgery, to be sure that any lymphedema volume regression observed will not be the consequence of spontaneous recovery. We used as control both the right paw of each group and the right (untouched) paws of the sham group. Our findings provide a more accurate and easy-to-handle VLNT mouse model, applying the combination of VLNT and a biological compound (VEGF-C in this case) locally released using gelatin sponges. Interestingly, these sponges are suitable to encapsulate a wide range of molecules, so this technique can be beneficial to test the therapeutic potential of exogenous factors associated with VLNT and its consequence on lymphedema.
Methods
All experiments were conducted in accordance with the national and institutional guidelines for the care and use of animals in research. This study was approved by the Ethics and Scientific Integrity Council (C.E.I.S.) of the University of Liège, Liège, Belgium (Dossier n. . The different steps are summarized in ►Fig. 1.
Lymphedema Mouse Model
Thirty-two, 8-week-old C57BL/6 mice (Charles River Laboratories, The Netherlands) were used in this study. Mice were kept at a temperature of 23°C with 50% humidity and 12:12-hour lightdark cycles, with free access to water and standard feed. During irradiation, the animals were anesthetized with isoflurane (IsoFlo, Zoetis, Belgium) and irradiated by a single dose of 30 Gy focused on the left inguinal region (X-RAD SmART, GE Healthcare, Belgium). One week after irradiation, mice (n ¼ 32) underwent the surgical induction of lymphedema on the left posterior paw. During the surgery, the animals were anesthetized with isoflurane and the whole procedure was performed under a laminar airflow hood (Clean Air Techniek B.V., The Netherlands). A dose of 5 μL of 2% patent blue dye (Sigma-Aldrich) was injected between the footpads of the left inferior paw. The lymphedema was induced by three surgical steps: circumferential skin incision at the left inguinal region, excision of the inguinal and popliteal nodes, and ligature of lymphatic collectors beside the ischiatic vein at least at three different levels by stitches of 10/0 nylon (Monosoft, COVIDIEN; Medtronic, Switzerland) under a Leica M80 manual microscope (Leica Microsystems, Germany) at 10Â magnification. After the procedure, the circumferential skin incision was sutured by absorbable separated stitches of 6/0 nylon (Polysorb, COVIDIEN; Medtronic, Switzerland).
Grouping of the Experimental Animals
Two weeks later, the second surgical procedure was performed (see next part). At this moment, the 32 mice were separated into four groups of eight. The left posterior paw of group 1 was used as control for the lymphedema evolution and the right inferior paw of the same group served as control compared with the nonlymphedema paws of the other groups, as it did not suffer any radiation nor lymph node excision.
VLNT and VEGF-C Sponge Placement
During the performance of the second surgery, 16 gelatin sponges of Gelfoam (Pfizer, Belgium) measuring approximately 3 mm 3 were incubated with a solution of human VEGF-C (R&D Systems) at a concentration of 1 μg/sponge. After 1 hour of incubation, the sponges were immediately implanted in the left inguinal region. 17 The second surgical procedure was performed under general anesthesia by isoflurane and surgical loop magnification of 3.5Â (Univet S.r.l., Italy). The abdominal skin was incised in a V-shaped flap to expose both inguinal regions (►Fig. 2) in all the 32 mice. In groups 2 and 4, the contralateral VLNT was performed as follows: the right inguinal lymph node was dissected pedicle based on the superficial iliac circumflex artery and vein and the pedicle was dissected up to its origin at the femoral vessels (►Fig. 3). The lymph node was identified but not completely dissected from the adipose tissue to preserve the lymphatic-vascular connections. Then, the lymph node was turned 180 degrees using the origin of the vascular pedicle as the pivot point, and fixed on the left inguinal region by three absorbable stitches of 6/0 nylon (►Fig. 4). In group 4, the VEGF-C soaked sponge was placed in the inguinal cavity under the transferred lymph node before suturing it to the connective surrounding inguinal tissue, so the transferred tissue weight assured the contact between the lymphatic tissue and the growth factor preventing the sponge from moving. In group 3, the sponge with VEGF-C was fixed in a pouch of connective tissue firmly folded by three stitches of absorbable 6/0 nylon (►Fig. 5). The abdominal skin flap was closed by a running suture of absorbable 6/0 nylon in all 32 mice.
Measurement of Hindlimb Paw Volume and Skin Breakdown Assessment
At day 0, 7, 14, 30, 60, and 90 (day of sacrifice), the same observer measured by the help of a caliper the left and right posterior paw radius at the groin (R) and at the knee (r) and the distance between these two points (h) (►Fig. 1). The paw volume (V) was calculated using the truncated cone formula:
Left hindlimbs were scrutinized weekly by the same observer for any signs of skin breakdown and/or wound oozing. The skin aspect was qualified by a visual assessment scale describing four different grades: Grade 0 ¼ no ulcer, Grade 1 ¼ isolated ulcer without oozing, Grade 2 ¼ isolated ulcer with oozing, and Grade 3 ¼ ulcers and oozing on the whole limb.
Lymphedema and Skeletal Muscle Volume Assessment by Magnetic Resonance Imaging
At day 85, the mice underwent an in vivo magnetic resonance imaging (MRI) scan to assess the lymphedema volume. For each mouse, a T2 anatomical images was acquired on a 9.4 T MRI DirectDrive VNMRS horizontal bore system with a shielded gradient system (Agilent Technologies, Palo Alto, CA) using a 40-mm inner diameter volumetric coil (Agilent Technologies). During the imaging session, mice were under general anesthesia by isoflurane in a mixture of 30% of O 2 in air, placed in a prone position in a dedicated animal holder equipped with an air warming system. The mice were monitored during the whole session (respiratory rate and temperature). Just before loading the acquisition, the mice received an intraperitoneal bolus injection of 100 μL of 0.5 mmol/mL Gadovist (Bayer, Germany). A fast spin echo multislice MRI sequence was used with the following parameters:
matrix 192 Â 192 leading to an in-plane voxel size of 0.182 mm. Fifteen coronal slices covering the two hindlimbs were acquired with a thickness of 1 mm.
Structural MRI images were used to assess the skeletal muscle volume as well as the total volume (fat, bone, muscle) of each hindlimb (lymphedema and contralateral). For this aim, a semiautomated segmentation procedure was employed using the PMOD 3.6 software (PMOD Technologies, Zurich, Switzerland; RRID:SCR_016547). Structural MRI image was manually segmented to create two images containing the lymphedema and contralateral hindlimbs. Based on the mean signal intensity (threshold: 450-900), extracted on a spherical region of interest placed on the muscle of both hindlimbs, binary masks of the hindlimbs muscle were extracted using automated segmentation method implemented in PMOD. Knowing the voxel size and the number of voxels in the obtained masks, the muscle volume for each hindlimb was then calculated.
Indocyanine Green Fluorescence Imaging
Mice were anesthetized with 2% isoflurane and then positioned inside an IVIS 200 Vivo Vision (Xenogen; Caliper Life Sciences) on their dorsal side, and precontrast injection images were taken to establish background signal intensities at tissues of interest. The imaging parameters were as follows: λex ¼ 745 nm, λem ¼ 840 nm, exposure time ¼ 1 second, f/stop ¼ 2, small binning, FOV ¼ 6.6 Â 6.6 cm 2 . Four microliters of indocyanine green dye (Verdye 0.1 mg/mL, Diagnostic Green, Germany) were injected into both paws between the cushions. Images were acquired immediately after injection (T ¼ 5 minutes) and at different time points postinjection (1, 3, 5, and 7 hours). For image analysis, Living Image software (Caliper Life Sciences) was used. Regions of interest (ROIs) were placed on the injected paw. Average signal intensity values were recorded for each ROI and plotted versus time in GraphPad Prism.
Lymphatic Vessel Immunostaining
At day 90, the 32 mice were euthanized. The skin sections were harvested distal to the inguinal wound on the medial tight, to avoid the sampling of scar tissue. The tissue was fixed immediately with 4% paraformaldehyde and embedded in paraffin. Sections were blocked for 20 minutes in Animal-Free Blocking Solution (15019 L; Cell Signaling Technology, The Netherlands) and incubated for 2 hours at room temperature with either F4/80 (1/250; 70076, Cell Signaling Technology) or LYVE-1 (1/ 200; AF2125, R&D Systems, United Kingdom) antibodies or incubated overnight at 4°C with CD45 antibody (1/200; 70257, Cell Signaling Technology). After washing in phosphate-buffered saline, slides were incubated with VectaFluor Excel Amplified DyLight 488 (DK-1488, Vector Laboratories, United Kingdom). Staining was quantified with a computerized method.
Computerized Quantification Method
Images from whole immunolabeled tissues were captured with the fully automated digital microscopy system (Hamamatsu Photonics, Belgium) at a resolution of 0.46 µm/pixel (20Â magnitude). Original image analysis algorithm was implemented to automatically perform image processing and measurements, by using the image analysis toolbox of MATLAB (R2018a) software (MathWorks). By this process, the lymphatic vessel, LYVE-1, F4/80, and CD45 stainings 18 densities, defined as the number of pixels belonging from staining cells (staining area) divided by number of pixels belonging from the whole tissue (tissue area), were automatically determined.
Statistical Analysis
Results were analyzed with GraphPad Prism 5.0 and were expressed as means AE standard error of the mean. The p-values were obtained using the Mann-Whitney test, two-tailed (not assuming Gaussian distributions); p < 0.05 was considered as statistically significant and was represented on graphs as follows: Ã p < 0.05, ÃÃ p < 0.01, and ÃÃÃ p < 0.001. The experiments were not randomized. No blinding was done in the analysis and quantifications.
Results

Paw Volume and Skin Breakdown Analysis
Time course analysis of lymphedema development revealed that the left hind paw volume of group 4 was significantly lower than in the other experimental groups at 7, 14, 30, 60, and 90 days after surgery (p < 0.05) (►Fig. 6). The skin breakdown was significantly minor in group 4 compared with the other groups (p < 0.05) (►Fig. 7).
Indocyanine Green Fluorescence Imaging
To analyze the fluid clearance in the limb, we injected indocyanine green between both control and lymphedematous cushion paws and measured the intensity of the fluorescent signal at several time points. We observed a strong accumulation of indocyanine into the lymphedematous paws 1 hour after the injection followed by a progressive clearance as revealed by the slow decrease of the fluorescent signal. It is worth noting that in group 4, the fluorescent signal measured 1 hour after the injection was much weaker than the one of the three other groups meaning that indoc-yanine accumulated to a lesser extent. This result reveals that the drainage was more efficient in mice that received both VLNT and VEGF-C treatment. Although we cannot differentiate the contribution of blood or lymphatic vessels in the drainage in this experiment, it has been well described that lymphatic vessels and particularly lymphatic capillaries are more implicated in tissue fluid drainage than blood vessels. 19 This experiment thus strongly suggest that lymphatic functionality was improved in group 4 compared with the others (►Figs. 8 and 10).
Density of Lymphatic Vessels with LYVE-1 Immunoreactivity
Skin lymphatic vasculature was assessed by LYVE-1 immunostaining. We observed a significant decrease of lymphatic coverage in the skin of the lymphedematous limbs compared with their control counterparts in groups 1, 2, and 3. Interestingly, in group 4 the lymphatic density was the same in both control and lymphedematous skin. Moreover, the Fig. 7 Skin breakdown in the four experimental groups at day 90. Group 4 (IV) showed minimal skin breakdown in comparison to the other three groups (p < 0.005). lymphatic density in lymphedematous skin in group 4 tended to be higher than the one of the three others groups suggesting that the reduction of edema development observed in group 4 might be due to a better-preserved lymphatic system (►Figs. 9 and 11).
Analysis of F4/80 and CD45 Expression
To quantify the inflammation, which is a chronic finding in lymphedema, 20 we analyzed the recruitment of immune cells in the skin of control and lymphedematous limbs using both F4/80 (a specific marker of macrophages) and CD45 (global marker of inflammatory cells) immunostainings. We observed that lymphedematous skin in groups 1, 2, and 3 displayed higher content of both F4/80 (►Fig. 12) and CD45 (►Fig. 13) positive cells compared with their control counterparts revealing a higher inflammatory response. At the contrary, lymphedema in group 4 exhibited the same levels of F4/80 (►Fig. 14) and CD45 (►Fig. 15) positive cells as control skins revealing that the inflammation resolved at the moment of sacrifice.
MRI Analysis of the Tissue's Component
To evaluate more precisely the lymphedema volume, an MRI approach was used. As observed with the first macroscopic measurement of the paw, the lymphedematous limb in group 4 is significantly smaller compared with the three others groups (►Fig. 16). Interestingly, we revealed that, compared with their control counterparts, lymphedematous limbs in groups 1, 2, and 3 exhibit a significant decrease of muscle volume. At the opposite, muscle volume of the lymphedematous hindlimb in group 4 was unaffected compared with the control limb (►Figs. 17 and 18). This skeletal muscle response to lymphedema has been already noticed in human, 21, 22 but is poorly investigated on mice models and never been reported in literature. 
Discussion
The clinical success of the VLNT depends on the ability of the grafted lymphatic tissue to recreate new and functional lymphatic connections. Indeed, the VLNT outcome relies on the survival of the lymphatic graft, on the quality of the recipient site (after radiation and/or surgery), and on the stage of the patient disease in correlation with the deposition of fibrosis and adipose tissue. 23 As many studies refine lymphedema animal models in an ongoing process to recapitulate the hallmark features of acquired lymphedema in humans, 6, 24, 25 we implemented a VLNT animal model performing, to the best of our knowledge, the first contralateral VLNT mouse model. The 3-month follow-up eradicate the possibility that this results can be the consequence of a Fig. 13 The CD45 þ cell density (inflammation cells) in the four groups. Group 4 showed the lowest CD45 þ cell density in comparison to group 1 (p < 0.001) and groups 2 and 3 (p < 0.05). spontaneous lymphedema reabsorption, which is one the limitations of rodent lymphedema models. 26 The purpose of this mouse model is not to exactly reproduce the condition of human VLNT, but to provide a more precise VLNT mouse model than the ones previously described. Although this model cannot reproduce the ischemia/reperfusion injury of a free vascular transfer, which is almost always the technique applied in humans, it can improve the previously described mouse models adding some of the keys of the surgical procedure actually performed in clinics, as the transferred lymph node is vascularized (albeit pediculate), harvested from healthy tissue, and far from the recipient site.
Since the combination of VLNT and VEGF-C had already been described in the literature, [27] [28] [29] [30] we took advantage of the promoting effect of VEGF-C in the VLNT effectiveness to determine whether and how the presence of a lymphangiogenic factor is essential in the VLNT success, after removing the bias of a previously damaged lymph node. In all the analyses performed in this study, the mice group benefiting from the association of VLNT and local VEGF-C administration was significantly detached from the three others groups and displayed a dramatic reduction of lymphedema both at clinical, functional, and histological levels during the 3 months of observation by promoting lymphatic growth/survival, lymphatic fluid drainage efficiency, and reducing skin inflammation. These differences were clear-cut even in comparison to the VLNT from a pristine donor site, which better replicate the procedure actually performed in humans than the ipsilateral VLNT mouse model described so far.
This study shows new interesting data about the presence of skeletal muscle atrophy in association with the development of lymphedema, demonstrated by the MRI analysis. This is a new finding in mice, never reported in the literature, which could benefit from further studies to confirm this skeletal muscle modification and its pathological mechanism of induction and regression.
Conclusion
Currently, the association of VLNT with local prolymphangiogenic factor seems to be the better strategy to improve the clinical outcome of secondary lymphedema. 29, 31 The translation of these interesting data generated in preclinical model to humans will depend on the results of ongoing clinical studies, 32 which are testing the human safety and efficacy of local VEGF-C administration in enhancing the VLNT in breast cancer-related lymphedema. The VLNT mouse model described in this study provides an effective Fig. 17 Muscle volume evaluated by magnetic resonance imaging (MRI) measurement at day 67 after the lymphedema induction. Group 4 showed no skeletal muscle mass loss in comparison to the other three groups ( Ã p < 0.05).
Fig. 18
Magnetic resonance imaging (MRI) images of the four groups. Group 1 (A), group 2 (C), group 3 (E), and group 4 (G) paw volume and skeletal muscle mass in the MRI images. The measurements show the absence of skeletal muscle atrophy in group 4 (G). The red mask represents the segmented muscle for group 1 (B), group 2 (D), group 3 (F), and group 4 (H). and more precise mouse model for further experimental research about the VLNT impact on lymphedema and confirms the synergetic effect between a lymphangiogenic factor treatment and the lymph node transfer. Additionally, another interest of this model relies on the use of gelatin sponges to locally deliver the VEGF-C: as they are suitable to encapsulate a wide range of biological compounds, this model can thus be used to screen the potential of a molecule in a preclinical model of VLNT.
